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I will briefly review the status of higher-order calculations for top-quark observables, comment on the need for 
improvements, discuss some of the recent theoretical advances, and present a few examples to highlight the role 
of top-quark observables in searches for signals of physics beyond the Standard Model. 



0^ 1 . THE MANY FACETS OF TOP QUARK PHYSICS 

O ■ 

o ; 

fS| , The study of top-quark properties and dynamics provides a unique window to the mechanism of electroweak 
^ ■ symmetry breaking (EWSB). The large mass of the top quark suggests that it plays a special role in EWSB, and that 
^ ^ I new physics connected to EWSB may be found first through precision studies of top-quark observables. Deviations 
of experimental measurements from the SM predictions, including electroweak (EW) and QCD corrections, could 
indicate new non-standard top production or decay mechanisms. Since the top quark immediately decays before 
it hadronizes or flips its spin, it provides an excellent testing ground for perturbative QCD. Moreover, information 
, about spin correlation and polarization, imprinted by the production process, is preserved, and can be measured in 
Q^' angular distributions of top-decay products, providing another way to search for deviations from the SM expectation. 

i' The precise measurement of the top-quark mass (mt) allows for improved bounds on the mass of the Standard Model 
^ I (SM) Higgs boson (Mh), which is presently constrained to be smaller than 185 GeV (95% C.L.) Measuring 
precisely the properties of the top quark and studying its dynamics therefore is an important goal at the Tevatron 
Run II, LHC and ILC. To fully exploit the potential of these colliders for precision top-quark physics, it is crucial that 
^ ' predictions for top-quark observables are under theoretical control and include higher-order corrections within the SM 
and beyond. In the following, I will briefly describe some theory aspects of top-quark physics relevant to the Tevatron, 
I LHC and ILC. For detailed reviews of theoretical and experimental results please see, e.g., Refs. HSU 0,3 as 
' well as presentations in this session) 
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2. TOTAL PRODUCTION CROSS SECTIONS: tt AND SINGLE TOP 



00 

o 
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" '~j ' The total top-pair production cross section {att) is presently measured at the Tevatron with a relative uncer 
tainty of Aatt/<Jtt = 9(11)% (CDF [3(D0 fl)) (with C = 2.8(0.9) fb"^). While QCD pr^ictipns 0, 0, [HI and 



Ci ^ measurements of ati agree within their respective uncertainties, recent detailed studies [9|, [lOl, [llj of the theoretical 
uncertainties of presently available state-of-the-art QCD calculations show that further theoretical improvements will 
be necessary in order to match (or better exceed) the anticipated future experimental precision, as illustrated in Ta- 
bleHl For instance at the LHC, the goal is to measure att ultimately with a relative uncertainty of « 5%. All presently 
available QCD predictions for the total cross sections of the strong tt production processes, qq — > ti and gg —>■ ti, 



include the complete fixed-order next-to-leading-order (NLO) corrections IJ] and next-to-leading-logarithmic (NLL) 
contributions due to soft gluon radiation at the ti threshold resummed to all orders [3]. However, as illustrated in 
Table U and also pointed out in Ref. 1^, the next-to-next-to-leading-order (NNLO) QCD corrections are needed. 
Without having a full NNLO calculation at hand, recent advances aim to extract partial NNLO contributions 0, EH 
(labeled NNLO approx. in Table |T| from an expansion of the threshold-resummed results at next-to-next-to- leading 
logarithmic (NNLL) accuracy. The residual theoretical uncertainty of these predictions due to missing higher-order 



'^See www-cdf.fnal.gov and www-dO.fnal.gov for most recent results from the CDF and DO collaborations, respectively. 



1 



34* International Conference on High Energy Physics, Philadelphia, 2008 



Table I: Theoretical uncertainties of state-of-the-art QCD predictions for au at the Tevatron (y^ =1.96 TeV) and the LHC 
(with mt = 171 GeV) due to scale dependence and PDF uncertainties. The total uncertainties have been calculated by adding 
the scale and PDF uncertainties (and in case of Ref. [ll| also the kinematic uncertainties) in quadrature. 
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corrections is estimated by varying the renormalization and factorization scales as shown in Table HI The PDF 
uncertainty is also provided for two sets of PDFs, MRST2006nnlo [27] and CTEQ6.5 (or CTEQ6.6M) For a 

complete fixed-order NNLO calculation of att one needs the leading-order 2 — > 4 parton scattering process, the 2 — > 3 
process at NLO, the NLO 2 — > 2 process squared, virtual 2-loop corrections to the 2^2 process, a treatment of soft 
and coUinear singularities at NNLO (see, e.g., Refs. 3 121), and last but not least NNLO PDFs. The 2-loop virtual 
QCD corrections to qq tt have been evaluated numerically in ReL [3| ■ An analytic result for 2-loop fermion loops 
in qq — s- tt has been provided as well 19|. Results for two-loop corrections to both qq — > tt and gg — > ti have been 
obtained in the limit s, |m| rri n in Refs. 20|, |2]J. NNLO O(a^) one-loop squared corrections to both production 



processes qq tt [[22j and gg — > tt 23|, |2j| with full mass dependence have been finalized recently. The tt+jet cross 



section at NLO QCD is provided in Refs. 



25,^ 



needed, MRST2006 [27\ uses NNLO evolution kernels 



For a complete consistent NNLO calculation NNLO PDFs are 
2^ and NNLO QCD predictions for Drell-Yan cross sec- 
tions |30|]. SM EW radiative corrections to au have been studied at NLO in Refs. [311, isl, EE S S S, EE S | . 
While they are known to only have a small impact on au (~ 1 — 2%), EW corrections can significantly affect 
top-quark distributions at high energies due to the occurrence of large EW Sudakov-like logarithms [37|. SUSY 
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41 



42, 



EW [40|, 

qq — > ti and gg 



li, 44 1 and SUSY QCD 44, 45, 3, 47, 48, 4i| one- loop corrections have been calculated for both 



More interesting 



ti. Supersymmetric particles in loops can affect att by up to « 6% 
observables to observe such effects are kinematic distributions and asymmetries as will be discussed in Section S) 

The total cross section for single top-quark production (at) has been measured only recently at the Tevatron sE 5l| , 
providing a first direct measurement of Vtb- Single top production can play an important role at the LHC in 
identifying and discriminating between different new physics models [52!, Is^l, since they can have different, model- 
specific effects on the three production processes, s-channel and ^-channel (dominant at both the Tevatron and the 
LHC) tq production, and associated tW production. The NLO QCD corrections to these processes are known for 



both an on-shell top quark |54| and includin g th e top-quark decay |55| . Improved QCD predictions for at also include 



NLL threshold resummation effects 56, 57, 



resulting in a residual theoretical uncertainty of Aat/at « 4 — 5% 



as shown in Table |TT1 Complete one-loop EW corrections to the i-channel production process have been studied in 
Ref. and only have a modest effect on at (a few percent at the LHC). Genuine SUSY effects, at least within 
mSUGRA, affect at (t-channel) at the LHC by at most 1% [slIeB]. 



3. TOP QUARK MASS 



The impressively precise top-mass measurement at the Tevatron (Amj'^^/mj 



0.7% [6l|) and future high- 



precision measurements at the LHC and the ILC require a theoretically stable mass definition in a suitable renor- 
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Table II: Predictions for at at the Tevatron (^=1.96 TeV) and the LHC (with mt = 171.4 GeV and MRST2004nnlo) including 
scale, PDF, and Amt uncertainties [stI, [s^l- The NNNLO approximate results include the exact NLO QCD cross sections and 
an expansion of NLL resummed soft gluon corrections through NNNLO. For comparison, the NNLO approximate result for 
(Jtt from Ref. [l3| including scale, kinematics and PDF uncertainties is also provided. 



o-t [pb] 
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t-channel (NNNLO approx.) 


1.15 ±0.07 


150 ±6 


s-channel (NNNLO approx.) 


0.54 ±0.04 


7.8 ±0.7 -0.6 


tW mode (NNLO/NNNLO approx.) 


0.14 ±0.03 


43.5 ±4.8 


uti (NNLO approx., mt=172 GeV)[pb] 


7.80 ±0.39 -0.45 


968 ±80-52 



malization scheme, so that ml^^ can be related with equally high precision to the MS or on-shell masses used in 
global fits to EW precision observables. Higgs-mass bounds that are extracted from such fits strongly depend on 
the value of toj. For instance, a change in mt of 2 GeV shifts the central value of Mh by about 15% [g^]. At the 
ILC, a theoretically stable definition of the top-quark mass has been achieved with the introduction of the threshold 
mass, which is extracted from a lineshape measurement of iTtt(e''"e^ — > tt) at threshold (see, e.g., Ref. ^63!| for a 
review). (T(t(e+e^ tt) is known at NNLO QCD and a theoretically stable extraction of threshold masses with 
a theoretical uncertainty of Amt =0.1 GeV is possible 64|. The relation between the threshold masses and the MS 
mass is known at higher order QCD which enables an extraction of the MS top-quark mass with comparable preci- 
sion [s^. While at the ILC a precise top-quark mass can be obtained from a measurement where only color singlet 
tt events need to be counted, the current precise measurement of mt at the Tevatron relies on the reconstruction of 
the invariant mass of a single top quark. This reconstructed mass is usually identified with the pole mass which is 
used in global EW fits. It is not obvious, if this is justified after non-perturbative effects such as hadronization, color 
reconnection, and underlying event modeling have been taken into account. Moreover, as has been illustrated in the 
case of a mt measurement at the ILC from a tt threshold scan 64|, when including higher-order corrections, the pole 
mass is not stable, since it receives relatively large radiative corrections from low energy scale physics ( "renormalon 
problem"). Therefore, it is important to explore alternative methods and observables that are sensitive to mt such as 
ati and the invariant-mass distribution of the top-quark pair (Mfj) . A value for mt has been extracted from the att 
measurement at the Tevatron with a relative uncertainty of 4% [8]. In Ref. [65], the theoretical uncertainties of mt 
extracted from att at NLO QCD are estimated to be Amt/mt « 0.2Acr/cr±0.03 (LHC), Amt/mt « 0.2Acr/cr± 0.016 
(Tevatron), and Amt/mt « 1.2AMi(/Mti±0.003 when extracted from the mean of the Mtt distribution at NLO QCD 
at the LHC. At such high precision non-perturbative effects may become important. For instance, a study of different 
underlying event modeling at the Tevatron with Phythia finds Amt — 0-5 GeV 66]. At the LHC, bound-state and 
initial-state radiation effects (both calculated at NLO QCD) significantly modify da/dMtt at the threshold ^6^ - 
Finally, in Ref. it has been demonstrated that at least at the ILC the extraction of a top-jet mass m,j from 
invariant top-mass distributions (Pa/dMt /dM^ (e+e~ tt) in the peak region with better than C'(Aqcd) precision 
seems to be feasible. In Ref. [68[, d'^ a / dMt / dM'^ is calculated in the limit Q > m > Pt > Aqcd at NLO QCD 
with NLL resummation, a theoretically stable mass definition is used (mj), and a relation between mj and MS and 
threshold masses is derived. First steps towards a NNLO and NNLL prediction of d^a/dM^ /dMf together with a 



derivation of the relation between mj and the MS mass at two-loop order have been carried out recently in Ref. [6!; 
A possible application to a well-defined m* extraction from invariant top-mass distributions at hadron colliders is 
presently under investigation [t^. 



4. TOP QUARK DYNAMICS 

The determination of top-quark properties (mass, spin, charge), searches for signals of non-SM physics, such as 
anomalous couplings, FCNC, CP and parity-violating interactions, new tt resonances, and background studies to 



3 



34* International Conference on High Energy Physics, Philadelphia, 2008 




Figure 1: The impact of new resonances (l.h.s), i.e. Kaluza-Klein gluons and a Zh boson in Little Higgs models on the ti 
invariant mass distribution at high invariant masses at the LHC, compared with the SM background (taken from Ref. Tl.]). 
The r.h.s. plot shows the scale and PDF uncertainties of a NLO QCD prediction of da/dMu in the same kinematic region 
as well as the LO result (normalized to the NLO total cross section) and the impact of NLO EW corrections (taken from 
Ref. jei]). 



Higgs and new physics searches, require good theoretical control of kinematic distributions in top-quark produc- 
tion and decay. Figure [U for instance, illustrates the importance of controlling backgrounds [7l| and theoretical 
uncertainties |i33] in the tail of the Mti distribution in the search of new tt resonances at the LHC. For inclusive 
observables, such as Ctt, and Mii,pT distributions, predictions with on-shell top quarks usually are sufficient. But 
for the study of spin correlations and polarization asymmetries the top-quark decay needs to be included. The NLO 
QCD corrections to tt production and decay at hadron colliders have been calculated by using the narrow-width 
approximation including spin correlations between the t and t 7^, l23| . Asymmetries are especially interesting tools 
in the search for non-SM physics, since they are usually small in the SM. For instance, within the SM the forward- 
backward charge asymmetry in tt production, recently measured at the Tevatron 7J|, is zero at tree-level and small 



(~ -|-5%) 75|, |76| when induced by QCD interference effects between initial and final-state gluon radiation. The large 



theoretical uncertainty (« 30%) |75l. l76l| of this prediction is considerably reduced when NLL threshold resummation 



of soft gluon radiation is taken into account 77|. In tt-|-jet production at the Tevatron the NLO QCD corrections 



reduce the forward-backward charge asymmetry from —7% to 1.5 ± 1.5% 25] . At the Tevatron, the impact of non-SM 
physics, such as tree- level axial couplings of the gluon, can result in charge asymmetries as large as —13% for 
instance. Also parity-violating asymmetries in the production of left and right-handed top quarks have the poten- 
tial to provide a clean signal of non-SM physics: QCD preserves parity and the SM induced asymmetries are too 
small to be observable, at least at the Tevatron collider 79l. l80| . The produced top quarks decay almost entirely 



into a bottom quark and a W boson before they can hadronize [8l| or flip their spins. The spin correlation of the 
top-pair system will therefore be preserved and can be measured by studying angular distributions of the decay 
products [82]. To measure spin correlations and asymmetries at the Tevatron and the LHC, higher-order corrections 
to polarized ti production need to be known as well: The NLO QCD and EW corrections to polarized tt production 
have been calculated in Refs. EE 0, and Refs. [ii Ei, 0, EB, El , respectively. The effects of SUSY QCD 
and SUSY EW one-loop corrections to polarized ti production at hadron colliders have been studied in Ref. 4^, 
and Ref. 0, 1871 ] , respectively. They have been found to be promising, but further more realistic studies are neei 
including top-quark decays, in order to determine whether these effects will be observable at the LHC. 



5. CONCLUSIONS 

There has been a lot of activity and many advances in every aspect of accurately predicting and modeling top-quark 
observables at hadron and e+e" colliders of which only a small subset could be presented here. Observables in top- 
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pair and single-top production at hadron colliders are known at NLO QCD and NLO EW both within the SM and the 
minimal supersymmetric SM, and resummation techniques have been successfully employed to deal with logarithmic 
enhanced corrections. A complete fixed-order NNLO QCD calculation for ati is needed and the calculation of many 
of the necessary building blocks has been completed. Theoretical uncertainties of the available predictions have 
been studied mostly for inclusive observables {<Jtti <^t ■ ■ ■) and are under investigation for kinematic distributions. 
Theoretically stable top-mass definitions are needed to match the experimental precision of rrit measurements at 
hadron and e+e" colliders. The applicability of new results for a well-defined rat extraction at the ILC to the LHC 
is under investigation and the potential of alternative observables for a precise mt measurements at hadron colliders, 
such as att and da/dMti, are being studied. Theoretically promising searches of non-SM signals in asymmetries in tt 
production, such as the forward-backward charge asymmetry, parity violating asymmetries in polarized production, 
and spin correlations between the t and i, require the inclusion of radiative corrections to top production and decay 
and more detailed and realistic studies of how to disentangle non-SM signals from SM backgrounds, for instance. 
These are just a few examples of the theoretical challenges that need to be met in order to fully exploit the potential 
of the Tevatron and the LHC for precision top-quark studies within the SM and beyond. 
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